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Abstract Gravitational wave generation by a strong shock wave in the interaction of high power laser with matter
is analyzed in linear approximation of gravitational theory. The analytical formulas and estimates are derived for the
metric perturbations and the radiated power of the generated gravitational waves. Furthermore the characteristics of
polarization and the behavior of test particles are investigated in the presence of gravitational wave which will be
important for the detection.
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1 Introduction
The direct detection of gravitational waves remained one of the
biggest challenges of experimental physics since the original
paper by Einstein in 1918 [1] till February 2016 when inter-
ferometer measurements on LIGO and VIRGO confirmed the
prediction [2]. Their existence was indirectly shown thanks to
the analytical work on radio pulses by Taylor and Hulse in
1974 who first recognized the pulsar PSR 1913+16 in a binary
system [3]. The discovered pulsar was a unique binary pulsar
which served as a perfect astrophysical laboratory for observa-
tions of very strong relativistic effects [4].
The motivation for today’s expensive experiments is the un-
derstanding of the universe and strong astrophysical sources
because the gravitational waves carry the properties of the orig-
inal source. By their detection we can obtain more information
about the stars and the whole universe. The information is hid-
den in the direction, amplitude, frequency and polarization of
gravitational waves. The recent detection will definitely open a
new era of experimental physics and astronomy.
The greatest obstacle in the detection of gravitational waves
is that their intensity is very weak compared to electromag-
netic waves. The gravitational force is the weakest one in the
universe but affects the mass effectively on large distances and
dominates the physics processes in the universe.
Recent interests in astrophysical sources of high frequency
gravitational waves (HFGW) with frequencies ν > 100 kHz,
GHz and higher lead to consider and revise the so called GW
Hertz experiment which consists of generation and detection of
the GW signal in terrestrial laboratories.
a e-mail: hedvika.kadlecova@eli-beams.eu
The Hertz experiments in the high frequency domain were
investigated by Chapline [5] and Rudenko [6]. Namely, Rudenko
suggested an experiment associated with high power electro-
magnetic waves and accoustic impulsive or shock waves trav-
elling and interacting with a non–linear opto–acoustic media.
Since lasers are the most powerful sources of electromagnetic
radiation on Earth one may conceive schemes where gravita-
tional waves are produced by interaction of laser with mediums
in different setups as was suggested in [7,8].
The gravitational waves are produced in space, for exam-
ple, by non–symmetrical collapse of a star or by two black
holes rotating tightly around each other. Such radiation is pro-
duced by a quadrupole moment – the lowest multipole, whose
change generates gravitational waves. The GW intensity is pro-
portional to the time derivatives of the quadrupole moment up
to third order, see Eqs. (8) and (11).
When an intense laser pulse interacts with a foil target, the
target is ionized at the surface and free electrons are heated to a
very high temperatures. Their thermal expansion from the tar-
get surface is accompanied by acceleration of mass inward due
to momentum conservation and a shock wave eventually builds
up. Such a process is non–symmetrical as the mass expand-
ing outward is of a low density whereas the mass contained in
the shock is compressed to a high density. Also the quadrupole
moment of plasma changes in time thanks to increasing mass
in the shock wave and possibly increasing its velocity as the
interaction proceeds. Therefore with the advent of high energy
lasers, the process of generating such waves starts to be an in-
teresting scientific problem.
The first attempts to detect gravitational waves from space
were reported by Weber in the low frequency domain [9]. The
Weber experiment constructed in 1960s consisted of a tube res-
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onant detector. The detectors sensitivity was about h ≈ 10−16
which is still smaller than the amplitude of gravitational waves
coming from space on Earth which is about 10−18. The mea-
surements made by Weber were not reproduced and it is as-
sumed that some systematic mistake of the experiment was
measured instead of gravitational waves. The work was fol-
lowed by many groups. Today, the Weber type of detectors
have sensitivities of < 10−19 for example at Lousiana univer-
sity where they use two-mode superconducting transducer and
amplifier (SQUID) in the frequency range < 100 Hz. Other ex-
amples are the projects MiniGrail [10] and Auriga in Padova
(Italy) [11,12].
The gravitational waves (GW) generated from astrophysi-
cal sources are searched for by large gravitational interferome-
ter detectors such as the American LIGO [13,14] and Italian–
FrenchVIRGO [15], for a review see [16]. These detectors look
for waves in the low frequency spectral band between 10 Hz
and 20 kHz. The sensitivity of the LIGO type interferometers
is about h =10−23 which would allow to detect weak gravita-
tional waves coming from supernovea in our galaxy or Magel-
lan Cloud. The experiments under construction are space-based
interferometers, such as LISA [17] and DECIGO [18]. The vac-
uum environmentwould enable the interferometers get rid from
the on Earth based noise. LISA would operate with h > 10−22
and in a low frequency mode in the mHz range. The launch
of L3 ESA program is planned for 2032. Other experiments in
this area are GEO600 [19] and CEGO (China) [20].
Gravitational waves can be detected by many other tech-
niques. They can be measured by change of lengths by ex-
tremely sensitive interferometers, piezoelectric crystals [21],
superconductors, resonance chambers and by conversion of grav-
itational waves into electromagneticwaves by the Gertsenshtein
effect [22,23] or by sensors [24].
The main purpose of this paper is to analyze generation of
high frequency gravitational waves (HFGW) in the interaction
of high power laser pulse with matter. The scheme was sug-
gested in [7,8] by using the material ablation [25] and the ra-
diation pressure [26]. The piston and light-sail models of ion
acceleration have been analyzed in the context of gravitational
waves in [27]. We investigate the polarization of gravitational
waves and the behavior of test particles in the gravitational
field.
We suggest the generator type of gravitational wave exper-
iment. The expected magnitude of wave perturbations is about
10−40 which is out of range of today’s detectors. The technol-
ogy of detectors as interferometers or resonant chambers for
low frequency gravitational waves is useless for the high fre-
quency range and a different technology is required. The de-
tection problem of the generated GW is not addressed in this
paper. The feasibility of detection of waves in high frequency
regime is discussed for example in [28] for X-ray lasers, their
detection in microwave band was discussed in [23], detection
by optically-levitated sensors with slightly higher frequency
range than advanced LIGO was considered in [22].
In 2011, a new detection scheme was proposed, called Li–
Baker detector of HFGW [29], which might have sensitivi-
ties 10−32 at 10 GHz while the minimal detectable perturba-
tion reaches 10−37. The detector is based on coupling between
electromagnetic waves and GW in generalized inverse Gertsen-
shtein effect [30]. The scheme has also many opponents,[31],
and is considered as non–realistic. Another technology should
be developed to detect HFGW in the future.
The remainder of the paper is organized as follows. In Sec-
tion 2 we review the basic theory of linearized gravity which
is used throughout the paper. We present the notation, the met-
ric, the limitations of the theory, the analytical expressions for
perturbations and luminosity, the polarization of gravitational
radiation and the test particles behavior in the slow motion and
distant field approximation of the linearized gravitational the-
ory.
In Section 3, we review the shock wave model of the exper-
iment for the gravitational waves generation under laboratory
conditions. We derive the analytical formulas for the space per-
turbations and the luminosity of the gravitational radiation and
give estimates for an experiment with megajoule class lasers.
In Section 4 we derive and analyze the polarization proper-
ties of gravitational radiation and the dependence on the orien-
tation of the wave vector in the shock wave model.
Section 5 concentrates on the GW detection with the anal-
ysis of the behavior of test particles in the field of gravitational
waves.
The main results are summarized in Section 6.
2 Linearized gravitational theory for
gravitational waves studies
In this section, we review the basics of linearized theory of
gravitation [4,32,33] needed for the subsequent analysis. We
will use it to set up the notationwhich will be analyzed through-
out the paper according to [32].
2.1 Basics of the theory
The linearized theory of gravitation assumes the existence of a
coordinate system in spacetime where the metric is close to the
Minkowski flat metric ηµν as
gµν = ηµν + hµν,
∣∣∣hµν∣∣∣ ≪ 1, (1)
where the perturbation of the metric is denoted as hµν and the
Einstein equations read
h¯µν = −
16πG
c4
Tµν, ∂
νh¯µν = 0, h¯µν = hµν −
1
2
ηµνh, (2)
where  = 1
c2
∂2
∂t2
− ∆ is the d’Alembert operator, Tµν is the
stress–energy tensor,G is gravitational constant and c is the ve-
locity of light. We have used the Lorentz gauge which reduces
ten independent components of the 4 × 4 matrix hµν to six in-
dependent components. Equations (2) satisfy the conservation
of energy–momentum for consistency, ∂νTµν = 0.
2.2 Plane wave solution, TT gauge and polarization
We investigate the propagation of gravitational waves and their
interaction with test particles (and therefore with their detector)
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therefore we are interested in the solutions of (2) outside of the
sources h¯µν = 0, Tµν = 0. We consider the simplest solution
for the wave equation (2) which is the plane wave,
h¯µν = Re
[
Aµν exp(ikαx
α)
]
, (3)
where the Aµν amplitude and kα wave vector satisfy kαk
α = 0.
The kα is a null vector and Aµνk
α = 0 so that Aµν is orthogonal
to kα. The solution describes a wave with the frequency ω/c ≡
k0 = (k2x + k
2
y + k
2
z )
1/2 which propagates with the speed of light
in the direction (1/k0(kx, ky, kz)). The spatial components h¯
TT
i j
of perturbation metric hTTµν in the TT gauge
1 are obtained as
h¯TTi j = Λi j,klhkl, (4)
where
Λi j,kl(n) =PikP jl −
1
2
Pi jPkl = δikδ jl −
1
2
δi jδkl − n jnlδik − ninkδ jl
+
1
2
nknlδi j +
1
2
nin jδkl +
1
2
nin jnknl. (5)
The projector operator is P jk(n) = δ jk − n jnk and nk = kk/k
is the unit vector in the direction of propagation. Note that this
projector method is valid only for plane waves, [4].
2.3 Weak field sources with arbitrary velocity
Equations (2) can be solved using Green functions and the lead-
ing term reads at the large distances as
hTTi j (t,x) =
4G
rc4
Λi j,kl(n)
∫
d4x′Tkl
(
t −
r
c
+
x
′ · n
c
,x′
)
. (6)
Our convention for four–vector kµ = (ω/c,k) and xµ = (ct,x)
and then kµx
µ = −ωt + k · x and r = |x − x′|.
2.4 Low velocity multipole expansion
In the non–relativistic system, (v ≪ c) the wavelength of the
radiation is much bigger than the size of the system,
Ż ≫ ld, (7)
where the linear size of the source is denoted as ld and reduced
wavelength Ż = λ/2π, [32]. If this condition is valid need not
to know the internal motions of the source and the radiation is
dominated by the lowest multipole moments.
The perturbation (6) can be expressed in multipole expan-
sion, see [4,32,33]. The lowest moment for gravitational waves
is the quadrupolemoment, the dipole moment vanishes because
of the energy and momentum conservation laws. In the follow-
ing text we work in the quadrupole approximation, which is the
lowest term in the moment expansion (6).
1 We use Latin letters (i, j, . . . ) for transverse-space (spatial) indices
and the Greek letters (µ, ν) for spacetime indices.
2.5 Mass and quadrupole moment, luminosity
The leading term in the expansion (6) is
[hTTi j (t,x)]quad =
1
r
2G
c4
Λi j,kl(n)I¨
kl(t − r/c), (8)
where Ii j denotes the quadrupole moment defined as
Ii j = Mi j −
1
3
δi jMkk ≡
∫
d3xρ(xix j −
1
3
r2δi j), (9)
and ρ = 1
c2
T 00 becomes the mass density (in the lowest order
in v/c). The mass moment is defined as
Mi j =
∫
d3xρ(t,x)xix j. (10)
The total gravitational luminosity (power) of the source in
quadrupole approximation is
Lquad =
G
5c5
〈
...
I i j
...
I i j〉, (11)
where Ii j is evaluated in the retarded time t − r/c if it is not
specified.
In the following text, we consider the entities Ii j and h
TT
i j
evaluated in the retarded time t − r/c if it is not specified ex-
plicitly.
3 Derivation of gravitational wave
characteristics for the shock wave model
This section is devoted to the derivation of fully analytical for-
mulae of the luminosityLGW and the perturbation of the metric
hGW for the shock wave model using the linearized gravity the-
ory from Section 2.
3.1 Shock wave model
The shock wave model is described according to the analyti-
cal theory of planar laser-driven ablation [25]. The process is a
function of the laser intensity, wavelength, the target material,
and the degree of inhibition of the electron thermal conduction.
In this configuration, the laser is interacting with a pla-
nar thick foil of about 1 mm thickness. This thickness corre-
sponds to the distance the shock wave can travel inside the tar-
get for the laser and target parameters given in Section 3.3.4.
Thematerial is accelerated in the ablation zone and in the shock
front. Here, we limit our analysis to the shock wave accelera-
tion where the target density is higher and it makes larger con-
tribution to the GW generation.
In the shock wave model, the laser launches a shock with
the velocity vs. The material from the foil is accelerated along
the axis of motion z and it produces a change of quadrupole
mass moment of the source Ii j. A typical order of the laser pulse
duration is 1 ns therefore the gravitational waves are generated
in the GHz domain.
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3.2 Limitations of the theory
In our non–relativistic model the wavelength of the generated
radiation must be much bigger than the linear size of the source
(7), This is valid as the linear size of the source is ld < 1mm
(target thickness).
The expectedGWwavelength is 30 cm, which is larger than
the source size. Therefore the low velocity condition (7) is sat-
isfied for our shock wave experiment. In general, the limitation
(7) in the laboratory conditions is much stringent than for a
pulsar in space, where the difference is 15 orders of magnitude.
3.3 Shock wave model calculations
We choose the orthogonal coordinate system x, y, z and we as-
sume the whole process takes place in a box of rectangular
shape with parameters a, b, l for simplicity. The origin of the
coordinate system corresponds to the position of the foil front
surface.
The moving shock front where the density of the beam
changes is denoted as zs with the functional dependence
zs(t) = vst, (12)
where the shock front velocity is defined as
vs ≃
√
Ps
ρ0
, (13)
where Ps is shock wave pressure
2, ρ0 is material density and f1
is the distance from the shock wave front to the detector.
We assume that for t = 0, zs(0) = 0, which is our convenient
choice. We use general expression for Ps, which allows us to
have more control parameters than the one used in [7,8] for a
fixed wavelength. The relation of Ps and IL (laser intensity) is
the following, [34],
Ps = (ρcI
2
L)
1/3, ρc =
ǫ0memi
Ze2
(2πc)2
λ2
L
, (14)
where ρc is the critical mass density, ǫ0 is permitivity of vac-
uum, me is the rest mass of the electron, mi is the mass of the
ion, e is the charge of electron, λL is the wavelength of the
laser, Z is the atomic number. All of the parameters in ρc are
constants except the laser wavelength λL which is given in the
specific experiment.
In the following, we calculate everything with a general
function zs(t) and then substitute the explicit function (12) at
convenient places. General expressionsmight be useful for other
forms of zs(t). The shock wave density reads
ρ(x) =

4ρ0 i f
3
4
zs < z < zs,
ρ0 i f zs < z < l,
0 otherwise,
(15)
it satisfies the mass conservation condition.
2 In the case of subsonic deflagration assumed in this paper, the
difference between ablation and shock pressure is neglected, because
depending on the energy deposition at the heat front is at most 2 in the
stationary ablation model [34].
3.3.1 Mass moment
The first step is the mass moment derivation. The transverse
plain is covered by two spatial coordinates xi = {x, y}, the trans-
verse space ds2⊥ = gi j⊥dx
idx j = dx2 + dy2 is flat and is char-
acterized by a vector ζ i = {a, b}. The mass moment (10) is a
3 × 3 symmetric matrix in spacelike coordinates, therefore it is
necessary to calculate just the components on diagonalMii,Mzz
and non–diagonal components Mi j,Miz:
Mii =
S ρ0
3
ζ2i l, Mzz =
S
3
ρ0
(
21
16
z3s + l
3
)
,
Mi j =
S 2ρ0
4
l, Miz =
S ρ0
4
ζi
(
3
4
z2s + l
2
)
, (16)
where S = ab is the shock front surface.
3.3.2 Quadrupole moment
The next step is the calculation of the quadrupole moment (9).
The second term is non-zero only for the diagonal components.
The non–diagonal components Ii j, Iiz are
Ii j = Mi j, Iiz = Miz. (17)
The diagonal components Iii = Mii −
1
3
TrM read
Iii =
S ρ0
9
{
(2ζ2i − ζ
2
j − l
2)l −
21
16
z3s
}
,
Izz =
S ρ0
9
{
(2l2 − ζ2i − ζ
2
j )l +
21
8
z3s
}
,
. (18)
The diagonal components of quadrupole moment show cubic
dependence on the function zs and are missing a quadratic term.
The non-diagonal components Iiz are missing the linear depen-
dence on zs.
3.3.3 Analytical form of perturbation and luminosity
Now, we calculate the components of the perturbation tensor
according to (8) without projector appearing in (4) in a general
form:
hi j = 0, hzz =
7
12
GS ρ0
rc4
∂2z3s
∂t2
, (19)
and the non-diagonal terms are
hii = −
7
24
GS ρ0
rc4
∂2z3s
∂t2
, hiz =
3
8
GS ρ0
rc4
ζi
∂2z2s
∂t2
. (20)
After substituting the quadrupole moment components into
(11), we get the general expression
Lquad =
GS 2ρ2
0
320c5
496
(
∂3z3s
∂t3
)2
+
9
2
(ζ2i + ζ
2
j )
(
∂3z2s
∂t3
)2 (21)
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The explicit substitution zs simplifies the expression (21) that
just the diagonal components of quadrupolemoment contribute
to the result, which reads
Lquad =
147
160
GS 2ρ2
0
v6s
c5
=
147
160
GP2
L
c5
ρc
ρ0
. (22)
and further using (13) and (14), we will obtain the final expres-
sion for luminosity of gravitational radiation. The luminosity
then depends on the laser power PL = ILS , where IL is the laser
intensity, the density of the material and the laser wavelength.
The numerical factor in Eq. (22) is presented in Section 3.3.4.
The perturbation of the space hGWzz using (13), (14) and (8)
reads
hzz =
7
2
GEL
rc4
√
ρc
ρ0
, (23)
where EL = S ILτ is the laser energy and τ is the laser pulse
duration. We have assumed stationary shock wave where the
dissipated energy is recovered from the absorpted laser energy,
and the time of GW emission is equal to the laser pulse dura-
tion.
This formula for the perturbation of the space by gravita-
tional wave generalizes the result obtained in [7,8], to an arbi-
trary laser wavelength.
The value of perturbation decreases with the distance as
1/r. The numerical factors are evaluated in the next section for
specific experimental parameters.
3.3.4 Numerical estimates
The values for luminosity (22) and the perturbation hGWzz of the
space by the gravitatinal wave in zz direction, (23), for realistic
experimental parameters of the megajoule scale lasers [35,36]:
Lquad[W] = 2.53 × 10
−23 ρc
ρ0
P2L[PW]. (24)
Our results are in agreement with [7,8]. We estimate the zz
component of the perturbation tensor hi j (23), similarly to the
previous case, we obtain
hzz =2.89 × 10
−38
√
ρc
ρ0
EL[MJ]
r[m]
. (25)
The value of the critical mass density is estimated for a
Carbon target with A = 12, Z = 6, wavelength λL = 351
nm, ρc = 15mg/cm
3. For the laser parameters we consider
the megajoule scale installations NIF [35] and LMJ [36], PL =
0.5PW, EL = 0.5MJ, τ = 1ns, the detection distance r = 10 m
and the target foil of the density ρ0 = 30mg/cm
3 and the size
a = b = l = 1 mm.
The reason for this choice is that the metric distortion as
given in (23) is directly proportional to laser pulse energy and
thus the megajoule class lasers can maximize emission of grav-
itational waves. The third-harmonic of the fundamental fre-
quency of these lasers (corresponding to λL = 351 nm) makes
the absorption of the laser light more efficient.
The outgoing gravitational radiation has a pulse duration of
1 ns which is given by the laser pulse length. The estimations
for our expressions of the luminosity and the perturbation are:
LGW ≃ 7.86 × 10
−25W, hGWzz ≃ 5.1 × 10
−40. (26)
These estimates agree with those presented in [7,8].
4 Polarization of gravitational waves
In this section to investigate two linearly independent polar-
ization modes of the gravitational waves, + and −, and focus
on their interpretation which would be useful for planning the
experiments.
We can decompose a gravitational wave into two linearly
polarized components or into two circularly polarized compo-
nents as
hTTi j (x) = h+ i j + h× i j, (27)
where we introduce unit linear tensors of linear polarization as
e+ i j = (e1)i(e1) j−(e2) j(e2)i, e× i j = (e1)i(e2) j+(e1) j(e2)i, where
we have denoted e1 and e2 as unit vectors.
The two independent linearly polarized waves can be writ-
ten as
h+i j = A+e
−iω(t−n·x)e+i j, h×i j = A×e
−iω(t−n·x)e×i j, (28)
where A+ and A× are amplitudes of the two independent po-
larizations. For example e1 = (1, 0, 0) and e2 = (0, 1, 0) for
the wave vector n = (0, 0, 1), we will get the result for wave
propagation in z coordinate.
We can investigate the gravitational waves in dependence
on the direction of the propagation, i.e. on the wave vector. The
set up of our models is that the direction of the motion is the z
coordinate. Therefore we look at the general orientation of the
wave vector in spherical coordinates and analyze the space dis-
tribution of the gravitational waves from the experiment. These
results could help in specifying the exact position for detectors
in experiment.
4.1 Angular dependence of the wave amplitude
The general direction of the wave propagation can be expressed
in the spherical coordinates as
n = (sin θ sinφ, sin θ cosφ, cos θ), (29)
and the perturbation tensor can be obtained via (8) and the pro-
jector (5).
The general expressions for the two modes of polarizations
are, [32],
A+(t; θ, φ) =
1
r
G
c4
[
M¨xx(cos
2 φ − sin2 φ cos2 θ)
+ M¨yy(sin
2 φ − cos2 φ cos2 θ) − M¨zz sin
2 θ (30)
− M¨xy sin 2φ(1 + cos
2 θ) + M¨xz sin φ sin 2θ
+ M¨yz cos φ sin 2θ
]
, (31)
A×(t; θ, φ) =
1
r
G
c4
[
(M¨xx − M¨yy) sin 2φ cos θ − 2M¨xz cosφ sin θ
+ 2M¨xy cos 2φ cos θ + 2M¨yz sinφ sin θ
]
, (32)
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and the whole components of hTT
i j
can be expressed as (27)
and (28). Afterwards we express mass moments in terms of
derivatives of function zs, the amplitudes read as follows,
A+(t; θ, φ) =
1
16
GS ρ0
rc4
[
3 sin 2θ(a sinφ + b cosφ)
∂2z2s
∂t2
(33)
−7 sin2 θ
∂2z3s
∂t2
]
,
A×(t; θ, φ) =
3
8
GS ρ0
rc4
sin θ(b sinφ − a cosφ)
∂2z2s
∂t2
. (34)
After we use the ansatz for the zs, we get
A+(t; θ, φ) = BCPA+ (t; θ, φ), A×(t; θ, φ) = BCPA× (θ, φ), (35)
BC =
3
8
GS ρ0
rc4
v2s =
3
8
GS ρ0
rc4
(ρcI
2
L)
1/3, (36)
where the angular dependence is denoted as
PA+(t; θ, φ) =
1
r
{
sin 2θ(a sinφ + b cosφ) − 7 sin2 θvst
}
,
PA× (θ, φ) =
1
r
sin θ(b sinφ − a cosφ). (37)
The amplitude A+ increases linearly in time during the laser
pulse and A× is constant in time. The amplitudes decrease with
the radial distance as 1/r.
In Fig. 1 we demonstrate the effect of time dependence of
the A+ amplitude. The angular shape of PA+(t; θ, φ) of the shock
wave is depicted in Fig. 1 for l/vs > t > 0. The angular depen-
dence has a shape of a squeezed toroid with the center at the
target position z = 0 given by sin2 θ term with cloverleaf shape
which is a contribution from the term with φ angle. The sur-
faces inside of the angular shape represent angular structure
for larger r and we observe that the magnitude of the angular
shape becomes smaller, as expected, as 1/r.
The numerical application is made for the same parameters
as in Section 3.3.4: the target size a = b = l = 1 mm, the
critical density 15mg/cm3 and laser intensity IL = 50 PW/cm
2
and the shock velocity vs = 1.5 × 10
6 m/s.
The amplitude for polarization mode × is shown in Fig. 2.
It starts at z = 0 that is, at the source, and its amplitude reaches
its maximum and then minimum.
There are three particular cases of interest. In the case of
parallel propagation, the case nz = z for θ = 0
◦, φ = 0◦, both
amplitudes equal to zero, in the case nx = x for θ = 90
◦, φ =
90◦ and case ny = y for θ = 90
◦, φ = 0◦ the waves’ amplitude
attain their maximum values.
The GW is transverse wave and it is not emitted in the di-
rection of the shock propagation nz = z. Lets look closely on
the cases nx = x and ny = y.
4.1.1 Wave propagation in the x and y–direction
The hTT
i j
(4) has the only non–vanishing components for the
wave vector in the x–direction n = (1, 0, 0),
hTTyy = −h
TT
zz = Re
{
Ax+e
−iω(t−x/c)
}
, hTTzy = h
TT
yz = Re
{
Ax×e
−iω(t−x/c)
}
,
(38)
Figure 1. (Color online) Dependence of the angular part of amplitude
PA+ (t; θ, φ) (37) on the angles θ and φ at two distances from the source:
the biggest surface corresponds to r = 1 m and then r = 1.5 m. The
distance from the center is proportional to the wave amplitude. The
squeezed toroid with cloverleaf shape is cut on purpose to see the inner
surface of lower r.
Figure 2. (Color online) The angular part of amplitude PA× (θ, φ) (37)
is pictured in dependence on θ and φ angle in radians at any time.
where we have used the definition of perturbation tensor (8)
together with the only non–zero components of the projector
Λi j,kl (5).
The waves are linearly polarized. We obtain the amplitudes
of the polarization modes from Eqs. (33), (36) and (37), where
we set θ = 90◦, φ = 90◦:
Ax+ =
1
r
G
c4
(M¨yy − M¨zz) = −
7
16
GS ρ0
rc4
∂2z3s
∂t2
,
Ax× =
2
r
G
c4
M¨yz =
3
8
GS ρ0b
rc4
∂2z2s
∂t2
. (39)
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By using the expression for zs, we get
Ax+ = −
21
8
GS ρ0
rc4
v3s t = −
21
8
GELρ0
rc4
√
ρc
ρ0
,
Ax× =
3
4
GS ρ0b
rc4
v2s =
3
4
GS ρ0b
rc4
(ρcI
2
L)
1/3. (40)
The perturbation tensor in TT calibration (4) for the wave
vector in the y–direction n = (0, 1, 0) reads
hTTxx = −h
TT
zz = Re
{
A
y
+e
−iω(t−y/c)
}
, hTTzx = h
TT
xz = Re
{
A
y
×e
−iω(t−y/c)
}
,
(41)
then we obtain the amplitudes of the polarization modes from
Eqs. (33), (36) and (37), where we set θ = 90◦, φ = 0◦:
A
y
+ =
1
r
G
c4
(M¨xx − M¨zz) = A
x
+, A
y
× = −
2
r
G
c4
M¨xz = −A
x
×. (42)
The two cases are symmetrical, the resulting amplitudes A
y
+
and A
y
− have the same form as for the direction x apart from
the sign in A
y
×. The amplitudes are non–zero for both ’+’ and
’×’ polarization modes. They depend on the focus area S , the
density of the material ρ0 and the velocity of the ions vs. The
amplitudes decrease with the radial distance like 1/r.
4.2 Angular dependence of the emitted energy
The energy and momentum tGWµν carried by the GWs at large
distances from the source (at the position of the detector) is
described by the effective tensor
tGWµν =
c4
32πG
〈∂µhαβ∂νh
αβ〉, tGW00 =
c4
32πG
〈A˙2+ + A˙
2
×〉, (43)
where the brackets mean averaging over the laser pulse du-
ration, and the tensor (43) satisfies the energy conservation
∂µtµν = 0, [32,33], and t
GW
00
denotes gauge invariant energy den-
sity. Both amplitudes of modes + and × contribute to the gauge
density (43) even though the amplitude A× is time independent
because they are evaluated in retarded time. The energy spec-
trum is then dE
dA
= c
3
16πG
∫ τ
0
dt(A˙2++ A˙
2
×) =
c3
16πG
(A˙2++ A˙
2
×)τwhere
dA = r2dΩ is surface element and τ is duration of pulse. The
energy spectrum is defined by the laser pulse shape.
The radiative characteristic represents amount of energy
going through various directions in the case of large distances
r for quadrupole radiation. We can obtain it by using (43) for
the radial component of the vector of Poynting as
−tGW0r ≡ S =
c3
72Gπr2
〈
...
I i j
...
I i j − 2
...
I is
...
I s jnin j +
1
2
...
I i j
...
I rsnin jnrns〉.
(44)
The luminosity LGW defined in (11) as a radiated power, it
is connected to tGWµν as −
dE
dt
= LGW =
∫
tGV
0r
r2 sin θdθdφ, which
can be found by integration over a sphere with radius r.
We can evaluate (44) for an arbitrary emission direction as
Sn =
c3
72Gπr2
[
(
...
I xx)
2(1 − 2 sin2 θ sin2 φ) (45)
+ (
...
I yy)
2(1 − 2 sin2 θ cos2 φ) + (
...
I zz)
2(1 − 2 cos2 θ)
+
1
2
(
...
I xx sin
2 θ sin2 φ +
...
I yy sin
2 θ cos2 φ +
...
I zz cos
2 θ)2
]
.
Using the expression for the shock wave position zs, the
expression for the Poynting vector reads and the expression for
the general wave vector (29) results in
Sn = BS nPS n(θ, r), BS n =
49
9216
S 2c3ρ2
0
v6s
Gπ
, (46)
where the angular dependence is given as
PS n(θ, r) =
1
r2
[
12 − 4(4 cos2 θ + sin2 θ) + (2 cos2 θ − sin2 θ)2
]
.
(47)
The radiative characteristics (47) depend only on the θ an-
gle, the angle φ cancels out during the derivation because
...
I xx =...
I yy. It behaves as 1/r
2 as expected for a spherical wave.
The angular dependence of the Poynting vector is shown in
Fig. 3, where the structure of the surface has a toriodal shape
similar to the amplitudes (37).
Figure 3. (Color online) The radiation characteristics Sn (46) is pic-
tured in dependence on θ angle and rotated additionally around φ angle
in radians. We have plotted just the angular dependence PS n (θ, r) (47),
Sn = BS nPS n (θ, r), (46). The dependence on 1/r
2 is depicted in smaller
surfaces in the figure, the biggest surface is r = 1 m, then r = 1.5 m,
1.8 m. The surface is getting smaller as r → 10 m (the distance of
the detector). The structure of surfaces is symmetric around the axes
z = 0. The structure of the surface has similar shape as the amplitudes.
This directional analysis confirms the preferential wave emis-
sion in the transverse plane with maxima in the diagonal direc-
tions of the square target.
5 Behavior of test particles in the presence of
a gravitational wave
In this section we investigate the influence of the gravitational
wave on two closely placed particles by analysing the distance
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between them. The equation of deviation is defined as
d2x
j
B
dt2
= −RTTj0k0x
k
B =
1
2
∂2hTT
jk
∂2t
xkB, (48)
which describes the relative acceleration of two particles orig-
inally moving along two parallel trajectories in proper detec-
tor frame. We have used the fact that to first order in hTT
i j
,
t = τ + O(h). The equation (48) can be integrated if we as-
sume that the particles are at rest relative to each other before
the wave arrives (when hi j=0 then x
j
B
= x
j
B(0)
). The equation of
motion yields x
j
B
(τ) = xk
B(0)
[
δ jk +
1
2
hTT
jk
(τ)
]
at position of A
and de-
scribes the oscillations of particle B measured in the reference
frame of particle A. The position of the second particle B can
be affected by the wave just in traversal directions to the wave
propagation direction.
5.1 Conditions on the detector
The equation of deviation (48) is valid as long as |xB| is much
smaller than typical scale over which the gravitational field
changes substantially. We consider the laser driven GWs in
the GHz domain as a monochromatic wave with the charac-
teristic wavelength of 30 cm and the detector size is supposed
to be much smaller than that. For example, the bar detectors
and ground based interferometersmay satisfy this condition but
LISA does not.
5.2 Movement of particles
First, we investigate the effect of the mode + for the wave vec-
tor in x direction (4.1.1). Since the shock is propagating in the
z direction and the wave vector is oriented along the x coordi-
nate, the particle is moving in the (z, y) plane. We assume that
the test particles are distributed on a circle of radius rc at time
τ = 0. In the center of the circle is the reference particle A,
which is at rest in the proper reference frame. The position of
the particle on the circle in any time is defined by (48). We
denote the coordinates in the reference frame x˜, y˜ and z˜, as
z˜B(τ) =
[
1 +
1
2
hTTzz (τ)|x˜ j
A
=0
]
z˜B(0),
y˜B(τ) =
[
1 −
1
2
hTTzz (τ)|x˜ j
A
=0
]
y˜B(0), (49)
where we have used hTTzz = −h
TT
yy , zB(0) = rc cosχ and yB(0) =
rc sin χ which are coordinates in time τ = 0 when the particles
were distributed along the circle of radius along the azimuthal
angle χ. In the further text, we assume all hTT
i j
|
x˜
j
A
=0 (i.e. are eval-
uated at x˜
j
A
= 0) and we will not write it explicitly.
Expression (49) describes an ellipse with semi-minor axes
a[1 ± 1
2
hzz(τ)]. The reference frame has origin at x˜ = y˜ = z˜ = 0
and in the coordinates of TT gauge x = y = 0 and z = 0 and
t = τ + O(h).
Recall that we take real part of hTTzz (3), hzz(τ) = Re
{
A+e
−iωτ
}
=
(Re A+) cosωτ−(ImA+) sinωτ, where we observe that ImA+ =
0 then hzz(τ) = A+ cosωτ. The laser generated GW resembles
a solitary pulse, it can be considered as a superposition of the
GW with different frequencies produced in the process.
The semi-minor axes are a[1 ± A sinωτ], where A = 1
2
A+
and
A ≡ A|
x˜
j
A
=0
=
3
r
G
c4
S ρ0v
2
s (−vsτ),
1
2
hTTzz (τ)|x˜ j
A
=0
=
3
r
G
c4ω
S ρ0v
2
s(−vsωτ) sinωτ. (50)
The initial position of test particles on circle is pictured in
Fig. 4(a) at τ = 0, then the circle is gradually changing into
ellipse Fig. 4(b) due to the influence of the wave, into the di-
rection of y˜B, then it changes to back to circle Fig. 4(c), then
again into prolonged ellipse z˜B Fig. 4(d) and then it gets back
to circle (Fig. 4(a)). In our specific case, the ellipse is changing
its shape due to the time dependency of the amplitude A+.
In Figs. 4(b) and 4(d), the time dependence of the ampli-
tude is demonstrated explicitly. In Fig. 4(b), we observe the
changing of the ellipse to a sharper profile as the time grows,
in Fig. 4(d) the ellipse gets sharper profile in the transversal
direction.
For demonstrational purposes, we have used 1
2
hTTzz (τ)|x˜ j
A
=0
=
−0.45ωτ sinωτ to make the effect of time dependent amplitude
visible. For specific values presented in Section 3.3.4 the ex-
pected deformation is of the order of 10−39 according to Eq. (26).
Similar estimate for the mode × shows that the deformation
of a circle is due to the only non–zero component hTTzy . Its am-
plitude reads 1
2
hTTyz (τ)|x˜ j
A
=0
= − 3
r
G
c4
S ρ0v
2
s sinωτ, while we have
used function 1
2
hTTyz (τ)|x˜ j
A
=0
= −5 sinωτ for plotting the circle
deformation in Fig. 5. The component hTTyz has constant am-
plitude therefore the ellipses do not change shape when time
grows. The difference in the ellipses shapes in Figs. 4 and 5
shows the possibility to distinguish the wave polarization.
6 Conclusion
We have investigated models for the generation of gravitational
waves with high energy lasers in laboratory conditions due to
excitation of a strong shock.
We demonstrated that a linear gravity can be used for the
shock wave model, calculated and analyzed the perturbation
tensor hTT
i j
and the luminosity of gravitational radiationLGW in
low velocity approximation far away from the source. The es-
timates (26) presented for megajoule class lasers are in agree-
ment with previous publications. The results presented in [7,8]
are generalized to include the dependence on the laser wave-
length and material of the foil.
GW with two independent polarizations+ and x modes can
be generated. The mode + is dipole-like with the maximum
emission in the transverse plane. The mode x shows an az-
imuthal dependence with the maxima emission in the direction
is the diagonals of the target.
The intensity of emitted wave decreases with the distance
from the source of radiation as 1/r2. These observations could
help with the positioning of the detectors in the experiment.
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(a) The test particles at τ = 0,
τ = 2π/ω and more.
(b) The test particles at
τ = π/2ω, 5π/2ω, 9π/2ω,
13π/2ω and more.
(c) The test particles at τ =
π/ω, 3π/ω, 5π/ω and more.
(d) The test particles at τ = 3π/2ω,
7π/2ω, 11π/2ω, 15π/2ω and more.
Figure 4. (Color online) The diagrams depict the position of test par-
ticles as function of time under influence of GW wave with + polar-
ization.
Then the influence of gravitational waves was analyzed on
test particles using the geodesic equation. The difference in am-
plitudes of the two modes of polarization was demonstrated
and visualized in Figs. 4 and 5. The time dependent amplitude
of polarization + influences the circle of particles to change
the shape to ellipse and as time is passing the ellipse shape be-
comes sharper. The × polarization of the GW influences the
circle of test particles to change the shape to ellipse shifted by
45◦ and the shape stays constant in time. The changes in the
shape of the test particles could be in principle measurable in
an experiment.
The major problem in the laboratory experiment is the de-
tection of the gravitational waves with the amplitude of the
metric perturbation around 10−40 which is almost 20 orders
lower than the detected radiation from space [2]. The frequen-
cies are in the GHz range, they cannot be detected by any of the
known detectors like interferometers or the Weber resonators.
The suggested Li–Baker detector is one candidate for the detec-
tion of high frequency waves (10 GHz) because it uses a dif-
ferent technology. Further improvement of detectors in higher
frequency range might enable the measurement of the gravita-
tional waves produced in laboratory experiments.
H. Kadlecová wishes to thank Tomáš Pechácˇek for many valuable dis-
cussions and time, and Otakar Svítek for his valuable comments. The
(a) The test particles at τ = 0, τ =
2π/ω and more.
(b) The test particles at τ =
π/2ω; 5π/2ω; 9π/2ω; 13π/2ω
and more.
(c) The test particles at τ =
π/ω; 3π/ω; 5π/ω and more.
(d) The test particles at τ =
3π/2ω; 7π/2/ω; 11π/2/ω,15π/2ω
and more.
Figure 5. (Color online) The diagrams depict the position of test par-
ticles as function of time under influence of GW wave with × polar-
ization.
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